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A B S T R A C T   

The nano-structured polymer dispersed liquid crystal (NPDLC) possesses several intriguing properties due to its 
nano-confined structure and unprecedented flexibility. However, the involved polymer networks necessitate a 
higher operating field which deteriorates the device’s feasibility for real-device applications. Here, we demon-
strate a simple technique to reduce the driving field by introducing a small amount of ionic salt into the NPDLC. 
The selective occupation of ionic salt during the phase separation reduces the interfacial energy of LC molecules, 
dipping by 40 % (3.6 V/µm) of the driving electric field. The electrohydrodynamic instability created by 
localized ion transportation led to reduced LC anchoring strength at the polymer interface at which the operating 
field was reduced. Our design is versatile and a potential alternative to the present NPDLC.   

1. Introduction 

The nano-structured polymer dispersed liquid crystal (NPDLC) is an 
emerging and promising technology as it promises unprecedented flex-
ibility and optically isotropic property owing to 3-dimensional 
geometrical confinement. Furthermore, the optical devices based on 
NPDLC possess non-trivial fabrication-favored features, such as free 
from layer alignment, cell gap insensitive, polarization-independent, 
and fast response time [1,2,3,4]. Taking advantage of the above-
mentioned features, various display and photonic devices, such as 
flexible displays, tunable gratings & lenses, smart windows & shutters, 
polarization converters, and sensors, have been proposed [1,3,5–9]. 
Furthermore, a recent demonstration of super-flexible and transparent 
NPDLC film paves new insights into a rollable display and optical ele-
ments [10,11]. 

The polymerization-induced phase-separation (PIPS) is widely used 
for fabricating NPDLC as it allows control over the droplet size and 
morphology, which plays a decisive role in achieving the desired output 
[2,12–14]. However, it is common practice to employ a high concen-
tration of photo-curable monomers, typically 50 wt% or more, to pro-
duce the nano-size LC droplet smaller than a wavelength of visible light, 

leading to unavoidable stronger surface anchoring interactions of LC 
with polymer boundary and consequently demanding a higher field to 
switch between off- & on-states [7,10,15]. Several strategies have been 
reported by manipulating the boundary interactions to reduce the 
driving field and reported the lowest driving voltage of 8 V/µm. How-
ever, despite several advancements in LC droplet control, due to non- 
trivial fabrication prerequisite complex structuration, TFT (thin-film- 
transistor) overdrive technology, and thus, the higher driving field re-
mains unsolved [16–21]. Therefore, in the quest of finding a lower 
driving voltage of the NPDLC, a facile approach has been made by 
dispersing ionic salt that selectively occupy the LC and polymer interface 
during the phase separation and reduces the LC anchoring strength. As a 
result, the respective driving and threshold fields in ionic salt dispersed 
NPDLC (IS-NPDLC) are reduced to 3.6 V/µm and 1.4 V/µm, respectively, 
which is 40 % reduction compared to NPDLC. Furthermore, the trans-
mittance of the system is also significantly improved as the interface 
localized ionic salts weaken the surface anchoring energy at which the 
LC molecule can reorient to the field direction for smaller field strengths. 
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2. Experimental procedure 

2.1. Materials 

The NPDLC sample was prepared by mixing 44 wt% of room tem-
perature nematic LC mixture, BL002 (Δε =17.2 at 1 kHz, Δn = 0.246 [ne 
= 1.771, no = 1.5250], TNI is 74 ◦C [Iso 74 ◦C N − 20 ◦C Cr], from Merck), 
with 27 wt% of pre-polymers TMPTA (Trimethylolpropane triacrylate, 
refractive index = 1.474, from Sigma-Aldrich) and 27 wt% of EHA (2- 
Ethylhexyl acrylate, refractive index = 1.436, from Sigma-Aldrich). The 
nematic LC, BL002, is a eutectic LC mixture of cyanobiphenyls with 
different alkyl and alkoxy tails and shows LC phase range from 74 ◦C to 
− 20 ◦C on cooling. The TMPTA and EHA consist of tri-acrylate and 
mono-acrylate functionalized pre-polymers. The ionic salt dispersed 
NPDLC is fabricated by dispersing 2 wt% of tetrabutylammonium tet-
rafluoroborate (Sigma-Aldrich) into the NPDLC. The photo-initiator 
Irgacure1173 (1 wt%) was added to samples to initiate photo-
polymerization. Since the 42–45 wt% of LC concentration is the best 
choice for NPDLC [10,22], we have selected 44 wt% of LC in this study. 

2.2. Experiments 

The experimental procedure for fabrication of IS-NPDLC is sche-
matically shown in Fig. 1. In the first step, the ionic salt is dissolved in a 
Methanol solution and mixed thoroughly, followed by the addition of 
LC, monomers, and photo-initiator. After 2 hrs of mixing, the methanol 
is evaporated under a vacuum, and the final obtained homogeneous 
mixture is infiltrated into the LC cell by capillary action at 80 ◦C. Then, 
the phase-separation process is initiated by irradiating 100 mW/cm2 of 
ultra-violet light for 20 min at 80 ◦C. We employed an in-plane switching 
(IPS) cell that consists of a patterned indium-tin-oxide bottom substrate 
with specific electrode width (w) (4 µm) and spacing (l) (4 μm), while no 
electrodes on the top substrates. Both substrates are uniformly separated 
by 8 µm film spacer. After the phase-separation process, several char-
acterizations were performed, and finally, the two substrates were 
separated to peel off the IS-NPDLC film for further investigation. 

The scattering level of the samples is estimated by measuring 
wavelength-dependent transmission using a UV–Visible spectrometer 
(Jasco, V-760). The optically isotropic phase was identified and textures 
were captured for further characterization by using a polarization 

optical microscope (POM) (Nikon, Eclipse LV100POL) with crossed 
polarizers and an attached digital camera. The square-wave signal with 
appropriate frequency is generated and supplied to the sample by using 
Function Generation (Tektronix, AFG3101C) and Signal Amplifier (FLC 
Electronics, A400). The field-dependent transmittance of the samples 
was measured by a lab-made He-Ne laser (wavelength is 632 nm) with 
crossed Glan-Thompson polarisers set up at which the emitted light is 
detected by a photodiode and a digital oscilloscope (Tektronix, 
DPO2024B). The dielectric measurements were performed using an 
impedance analyzer (Novocontrol, Alpha-A). In the final step, the 
microstructural characterization was performed by using a field emis-
sion scanning electron microscope (FESEM) (ZEISS, Ultra-55). 

3. Results and Discussion 

In the first step, the scattering level of the samples is estimated by 
measuring wavelength-dependent transmission and compared with the 
pre-polymerization state. As illustrated in Fig. 2, the pre-polymerization 
sample shows ~ 90 % of transmittance. The remaining 10 % trans-
mittance is affected by the substrates and the patterned electrodes on 
them. The pristine NPDLC sample exhibits a maximum of ~ 80 % 
transmittance at longer wavelengths. It indicates optimization of droplet 
size along with refractive index match was achieved. From Raylegh- 
Gans scattering theory, which describes the scattering of NPDLC, such 
as high transparency originates from the smaller droplet size and the 
refractive index match between the LC droplet (navg) and the polymer 
matrix (np). Our NPDLC system shows 50 % transmittance for visible 
range wavelengths and even less in UV wavelengths. The transmittance 
of the samples tends to decrease with decreasing wavelength. This ten-
dency could originate from increased light scattering for shorter wave-
lengths as the incident light reaches close to the dimensions of the 
droplet size. We presume that the level of cross-linking of monomers is 
higher as these monomer combinations are designed for a high poly-
merization rate. The system exhibits optically isotropic in the absence of 
a field. Thus, it exhibits isotropic refractive index (ni), which is the ratio 
of navg and np and corresponding volume fractions of LC and monomers. 
However, the incident polarization encounters an effective refractive 

index (nθ) 
(

nθ = neno/

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

n2
e cos2θ + n2

osin2θ
√ )

, where θ is the angle of 

incident polarization. The magnitude of nθ varies between no and ne, 

Fig. 1. The schematic of the experimental procedure for fabricating IS-NPDLC.  
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while the ni varies from np to navg. Here, the navg and np are 1.607 and 
1.455, respectively. Since the navg and np difference is negligible, 
wavelength-dependent transmittance reduction for NPDLC is presumed 

to originate from increased material absorption due to polymerization 
and residual photo-initiator. Remarkably, adding ionic salt to NPDLC 
causes a < 10 % transmittance decrease in the green and red wavelength 

Fig. 2. Wavelength-dependent transmittance spectra of NPDLC (dashed line) and IS-NPDLC (dotted line). The solid black line indicates the transmittance before the 
phase separation of LC. 

Fig. 3. (a) Switching of NPDLC and IS-NPDLC at 2 kHz and IS-NPDLC at 200 Hz. The scale bar in POM images is 50 µm. P: polarizer; A: analyzer. (b) Field-dependent 
transmittance of NPDLC and IS-NPDLC at 2 kHz and 200 Hz. (c) The time-dependent reorientation and relaxation mechanism of both samples. 
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bands while unaffected in UV and infrared regions. Such transmission 
reduction in IS-NPDLC is thought to have originated from the droplet 
size alteration that occurred during phase separation due to ionic 
strength and miscibility, not due to a mismatch between navg and np. 

Next, phase identification and electro-optical measurement are per-
formed by observing the optical textures under crossed polarisers using a 
POM. The optical textures of both NPDLC and IS-NPDLC appear black 
under crossed polarizers and remain black on sample rotation, sug-
gesting the obtained phase is optically isotropic (Fig. 3a). There is no 
indication of significant light leakage. Next, the required 2 kHz square 
wave field is supplied by a function generator and amplifier while 
observing the optical textures with POM. The applied field (E) corre-
sponds to V/l, where V and l are the applied voltage and the electrode 
gap, respectively. We considered field strength instead of voltage to 
avoid the cell gap sensitivity on the threshold field (Eth) and operating 
field (Eop). The optical textures turned brighter once a sufficient field 
was provided. The brightness due to induced birefringence along the 
field direction is spatially uniform between the IPS electrodes. This 
unusual phenomenon can be explained by the adopted Kerr effect 
described by Δnind(E) = KλE2, where K is the Kerr constant, λ is the 
wavelength of the incident light, and E is the applied field. The detailed 
switching mechanism of NPDLC in IPS mode can be found elsewhere 
[10,11]. The signal frequency was reduced to 200 Hz to observe the 
frequency dependency of Δnind. The brightness between the electrode 
strips indicates the reorientation of the LC molecules towards the field 
direction, which is slightly higher for IS-NPDLC. This remarkable phe-
nomenon can be understood from the frequency-dependent response of 
the IS-NPDLC. The increased width of the bright strips indicates more LC 
molecules are responding to the applied field. To see more insight, the 
field-dependent transmittance was then measured by irradiating a He- 
Ne laser beam on the sample under crossed Glan-Thomson polarizers 
and subsequently detecting the transmitted intensity by a photo-diode 
and digital oscilloscope. The electro-optical measurements reveal that 
manifestation of Δnind appears after a threshold field and saturates for 
higher fields (Fig. 3b). The Eth and Eop are defined as fields corre-
sponding to 10 % and 90 % of peak transmittance, respectively. The Eop 
of NPDLC and IS-NPDLC for 2 kHz are 6.7 V/µm and 3.6 V/µm, 
respectively. Interestingly, the Eop of IS-NPDLC is relatively increased to 
4.7 V/µm by decreasing the applied frequency to 200 Hz. The Eth of 
NPDLC and IS-NPDLC are 2.3 V/µm and 1.4 V/µm for 2 kHz, respec-
tively. And, the Eth is unchanged for reducing frequency to 200 Hz. For 
the IS-NPDLC sample, we achieved a 40 % reduction of both Eop and Eth. 
The obtained data suggest that the reduction in Eop is associated with 
ionic salts. Remarkably, the peak transmittance of IS-NPDLC signifi-
cantly increases for 2 kHz, which tends to be reduced for 200 Hz. This 
reveals that if the frequency increases, the transmittance also increases. 
This unusual behavior is thought to be originated from the weak surface 
anchoring and strong dipolar reorientation of LC molecules generated 
for ionic salts under high frequency; thus, the number of reoriented LC is 
increased with frequency. 

The dispersed ionic salt also significantly affects both the reor-
ientation and relaxation mechanisms. Both samples are supplied with a 
2 kHz random pulsed signal with different amplitudes and measured 
time-dependent response as shown in Fig. 3c. The rise response time (τr) 
that corresponds to the time required for 10 % to 90 % transmittance on 
field supply is estimated as 2.3 ms and 1.8 ms for NPDLC and IS-NPDLC, 
respectively. The decay response time (τd), the time taken for 90 % to 10 
% transmittance change upon field removal, is measured as 2.4 ms and 
1.8 ms for NPDLC and IS-NPDLC, respectively. The relative change in the 
τr and τd reveals the possible reduction of surface anchoring due to in- 
plane ion oscillations in response to the IPS field. 

Further, we measured the ionic conductivity of NPDLC and IS- 
NPDLC from dielectric spectroscopy in order to investigate the effect 
of ions in IS-NPDLC as compared to NPDLC. Dielectric permittivity (ε′) 
and dielectric loss (ε″) were measured in the frequency (f) range of 1.0 

Hz to 10.0 MHz. Though, no dielectric relaxations were observed in the 
dielectric spectra, however, both ε′ and ε″ were increased with 
decreasing frequency in low-frequency region (1–100 Hz) in which the 
former is due to electrode polarization capacitance and latter is due to 
ionic conductivity [23,24]. Fig. 4 shows the variation of ε″ with fre-
quency in the low-frequency region (1–100 Hz) for NPDLC and IS- 
NPDLC. The ε″ as a function of frequency can be expressed as: ε″ =

G
2πεofCo

, where G is a conductance, Co is an air capacitance and εo (=8.85 
pF/m) is the free space permittivity [23,24]. As conductivity (σ) can be 
expressed as σ = G/Co, therefore: 

ε″ =
σ

2πεof
(1) 

The σ was estimated by fitting into the experimental data with Eq. 
(1), as shown in Fig. 4a-b. The estimated σ of NPDLC and IS-NPDLC were 
2.5 × 10-7 S/m and 3.4 × 10-7 S/m, respectively. This value reveals that 
the number of ions in the IS-NPDLC system is slightly higher than in the 
NPDLC. Small increased σ means resistivity is reduced and it will ease 
the LC molecules to orient under electric field. This could be another 
possible reason for getting reduced Eop in IS-NPDLC compared to 
NPDLC. In order to probe the reason of higher transmittance for IS- 
NPDLC as compared to NPDLC, the variation of ε″ with frequency is 
plotted in Fig. 4c. In the Inset (100 Hz to 3 kHz), it could be easily seen 
that though the loss in IS-NPDLC is higher as compared to NPDLC, 
nevertheless the ε″ in case of NPDLC increases with decrease in fre-
quency whereas in case of IS-NPDLC, the ε″ is fairly stable with fre-
quency. Hence, the ions are quite screened in IS-NPDLC, which in turn 
increases the transmission. The slight increase in the transmission at 2 
kHz as compared to 200 Hz for IS-NPDLC, might be due to the slight 
change in corresponding dielectric data. The ε″ at 200 Hz and 2 kHz were 
127.2 and 126.8, respectively. The ε′ at 200 Hz and 2 kHz were 61.8 and 
61.6 respectively. 

After finishing all necessary characterizations, the substrates are 
detached, and the sample is peeled-off. The peel-off can easily be ach-
ieved by a few heating cycles above 80 ◦C. From Fig. 5a-b, our NPDLC 
film is brittle as it breaks into pieces during the peel-off, while the IS- 
NPDLC shows similar stability. In principle, the NPDLC phase pos-
sesses unprecedented flexibility due to stronger LC confinement by the 
polymer network. But here, the NPDLC film achieves brittleness and 
breaks into smaller pieces. A similar trend was noticed for IS-NPDLC. 
The brittleness could be originated from the strong interaction with 
the substrate and possible contamination due to the solution used for 
ionic salt dispersion. The film fabrication process can be improved by 
surface coating of substrates [11]. Finally, the LC was extracted from the 
film by keeping the cell in hexane for two days, followed by morpho-
logical studies using the FESEM. From the morphology images shown in 
Fig. 5c-d, it is clear that the dense polymer matrix with a void size 
smaller than 400 nm is formed for both cases. This data reveals that the 
dispersed ionic salts do not affect the polymer matrix formation. The 
micrograph indicates a relatively low LC fill factor of ~ 35 % due to low 
LC concentration. However, the sample shows enough electro-optic ef-
fect sufficient for device applications. 

The schematic representation of the driving mechanism of NPDLC 
and IS-NPDLC is presented in Fig. 5e. In principle, the field response of 
LC in NPDLC is associated with the interplay between surface anchoring 
interactions, elastic forces, and dielectric strengths. Among these, the 
surface anchoring force is dominated due to nano-scale geometric 
confinement. The free energy of the NPDLC system can be described by 
the elastic (felas), electric (fele), and surface (fsurf) free energy densities 
[25]. The fele is nonlinear with applied field E and governed by the 
dielectric interactions. The fsurf

(
= − 1

2Wssin2α
)
, where Ws is the surface 

anchoring strength of LC and α is the orientation angle of LC, depends on 
the LC orientation and anchoring strength at the polymer surface. The 
fsurf cannot be neglected for tiny droplets like NPDLC and IS-NPDLC. The 

S. Pagidi et al.                                                                                                                                                                                                                                   



Journal of Molecular Liquids 399 (2024) 124444

5

dielectric torque should overcome both the felas and fsurf to align the LC 
molecules along the field direction. By considering the droplet is 
spherical, the required threshold electric field strength to reorient the LC 
molecules is denoted as: 

Eth =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

εoΔεR

(
Ws

2π −
keff

πR

)√

(2)  

where R and keff are the average size of the LC droplet and the effective 
elastic constants of LC. Further, we calculated the Ws from Eq. (2) by 
considering keff is 10 pN. The obtained Ws of NPDLC and IS-NPDLC are 
125 × 10-4 Nm− 1 and 44 × 10-4 Nm− 1, respectively. These results reveal 
a significant decrease of Ws is obtained for IS-NPDLC. When ionic salts 
are added to the NPDLC, it is obvious that the salt traps between LC and 
polymer network interface. There is a high possibility of ions trapping 
between the LC and polymer network rather than deep inside the 
droplet. The ions in NPDLC are confined by polymer walls and abide to 
move within the droplet [26,27]. Our discussion is constrained to the 
spherical bipolar droplets that consist of point defects on the opposite 
sides of the surface. The surface defects of bipolar droplets are highly 
energetic singular points; thus, there is a high possibility of ionic salts 
occupying these point defects’ vicinity. In addition, there is a high 
possibility of forming nanochannels for ion transportation since the 
doped ionic salt is free to move, creating turbulence and subsequent 
electrohydrodynamic instability. We presume that this electro-
hydrodynamic instability is localized at the LC and polymer interface, 
which reduces LC anchoring strength Ws. For IS-NPDLC, there is a high 
possibility of guided movements of salts under field strengths that 
decrease the LC anchoring strength Ws, leading to a 40 % decrease of 
both Eop and Eth, which could be a competitive record compared to 
similar literature reported elsewhere [10,11,14,21,28]. Our 

conductivity measurements reveal that there is a significant improve-
ment in ionic conductivity. The reduced Eop and Eth originated from the 
resultant effect of both ionic conductivity and reduced anchoring. The 
reduced Eth (1.4 V/µm) and Eop (3.6 V/µm) of the proposed system al-
lows TFT to drive without need of any overdrive technology. 

4. Conclusion 

A facile technique to reduce the driving field of NPDLC is demon-
strated by dispersing a small number of ionic salts. The dispersed ionic 
salts selectively trap between the LC and polymer interface and reduce 
the LC anchoring strength. As a result, we reduced the operating field to 
3.6 V/µm (40 %) for 2 wt% of suitable ionic salt. Furthermore, our 
design also reduces the threshold voltage and increases the peak trans-
mittance by increasing frequency. Therefore, this technique could be a 
potential alternative for improving electro-optical parameters such as 
operating/driving voltage and transmittance of NPDLC. 
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